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c• iABSTRACT

Using four common catalysts the existence and magnitude of synergistic

, e!'ffet. upon burn rate are studied with HTPB-AP composite solid propellants.

Tlv3 effect under study is one whereby at a fixed total catalyst loading the

mixture of two catalysts would be more effective in burn rate augmentation

than a single catalyst. At 2000 psia aJl possible combinations of catalysts

showed synergistic effects but the effects are weak. and within the reproduci-

bility range of the experiments. Ferric oxide and iron blue showed synergistic

'f e fects only at 300 and 2000 psia over the prusure range 3O0-2000 psia.

Analysis of the effect of b, "der-oxidizer reactions upon the surface

"shape of a two-dimensional aandwich hak shown that a) the faster are these

• reaction: the more deeply Ill- the sandwich obta~i a V,-sape and b) these

reactions are genera'ý fazt uriuIh to indeed affect the surface shape.
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INThRODUCTION

The current investigation represents a continuation of the work initiated

at the Georgia Institute of Technology, which has been presented in References

1 and 2. In these investigations two-dimensional composite solid propellant

sandwiches of polycrystalline amumonium perchlorate (AP) oxidizer and bydroxrl

terminated polybutadine (WITB) binder were used to investigate various modes of

catalytic behavior. Four proven burn rate modifiers which behave as catalysts

have been used throughout these ongoing investigations. nhey are Harshaw Catalyst

Cu 0202 P, ferric oxide, iron blue and ferroceno.

-ias ofthisinvsti (1)

During the first phase of this investigation the catalysts were loaded

iut either the oxidizer or binder or restricted to the binder-oxidizer interface

of twn-dimensionml sandwiches. Vertical sandwich burn rates and oxidizer normal

regression rates ware obtained using cinephotomacrography techniques. Details of

tile surface structure were obtained by using the scanning electron microscope to

observe partially burned samples. It was determined that if one effective catalyst

was added to the oxidizer and another to the binder, there was a net increase of

bnath over tht of the sum of te independent actions of the catalysts. This
x-bined eoffect wa. denoted as a ositive synergistic effect on sample burn rate.

The existence of this synergistic effect for the four catalysts was systematically

in'4stigated() using the two-dimensional sandvicheo. The Marshaw ctalyst Cu 0202 P -

a•rric oxide tysteox, ?ig. 1, and iron blue-ferric oxide system, Ag. 2, were found

to ehibit a positiv-t synergistic efftect over the entire pressure range, 600 to

2C "* psia and the - ,xi=u• c:ytergistic effect at 600 psia, respectively. Th burn

rate ratio on ;ig. 1 and 2 is the ratio of the burn rate of the catalyed sam-

,le to the burn rate of a pure AP-1ITh sazpl.

1 1
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These two systems were chosen for further testing in cast propellant con-

figuraLions. The initial samples were prepared with the same volumetric loading

as in the sandwiches. The strands were prepared from a common lot of uncured

composite propellant with an 82.7o solids to 17.3% binder loading. The oxidizer

particle distribution was:

180 .i < 70% < 212 pa

37 pm< 30% < 45 I'.
The sample burn rate for the uncatalyzed propellant agreed with the data for pro-
pellant 4 78 in the Pr-inceton University test series (3). The catalyst was added

to the uncured propellant at a weight percent of 2.41. Tests of the Harshaw cat-

alyst Cu 0202 P - ferric oxide and iron blue-ferric oxide systems showed no pos-

ii(2)
it½,• synergistic effect at 600 psia

"ihese cast propellunt samples were initiall'y prepared to contain on average

the swne voleuetric loading of catalyst as the sandwiches. But for the cast pro-

:;dllants 31l of the catalýyst is suspended in the binder matr'ix, which constitutes

17$ ot' the sample. Since 2.4w$ of catalyst was added to the cast propellant sam-[ the 'An-de~ r 44t4rix contained 14.2$ of thoe catalyst. Tht binder matrix for the

saccn%%hes t 1 1.4 of catalyst. Tis incro•se of catalyyt in te binder

ata.ettad th eure and the streth of the bind-r. 3is high catalyst loading in

the bindeI: my be &bove the sonmt required for -bun augentation.

Ir. order to investigate this possibility fzurthor, a new 3et of samnples were pre-

prired u:ing a reduced total catayst loading of 1$ cataly-t by weight. This r"e-

iuced the effective binder loading to 4.

t Th current study has continued the investigation of synerginstic eftcctb on

soxle burn rate in ceat comtosite- propeflnto with I4 of catalyst. An operirental

procedure has been developed to producr a cast propellant that can be used as a con- I -



venient trst vehicle for catalytic effects. An investigation of catalyst loading

in the oxidizer of a cast propellant has beun performed. Burn rates of these sam-

ples have been obtained at 600 and 2000 psia.

-USE WIRE TESTS

Two separate batches of AP and IITPB were prepared for the initial tests of

the addition of lW% catalyst to the uncured propellant. The ratio of 82.7% solids

(AP) to 17.3% binder (T'PB) was maintained, consistent with eariier tests(2)

The oxidizer particle distribution was m•aintained at

180 pim < 70% < 212 pLm

37 L.<305< 45 Pm.

F'reon T F was mixed with the first batch of propellant. Wths decreased the vis-

cosity of the mixture and allowed the ,rropellant to be packed much easier in the

teflon strand molds. The Freon T F could be removed by vaporization at room tem-

;-erature or by vacuzu in the curing oven. The samples were not sufficiently fluid

to fill tie void3 as the freon vakporized. Ihis yielded porous cast propellants.

A! of' the oxidiZer particles were premixed before the binder and catalyst were

added to the second batch of pro}pllant. This propellant was very difficult to

x"WI1 a Cae in Ute teflon colds. "21ese sunples resembled the first batch of

ampleos. '2by were porous with a grainy appearance.

thirteen I-use -irc tiest were conducted ualsn sazes from these two batches

of prapjllwa. 3everal1 variations of sa~tale preptma.ti =s tre useed. Different

mls of inhibItion were tried on thh sides of Whe 3a2±fes. CoatUng of IrPC,

vtaecru greasc a-wd epoý were used along wit 6-ater leacling of surface AP and

increaaed Clunhing nitrogen flown. he reults for eLl S•ples verO the sae.

ALL fUse wires aspeared to break aimUetaneoualy. Both batches of propdflant

il .. . . .. . ... .



behaved similarly. '11rs had not been encountered with the 2.41w'%; catalytic samples

of Reference 2. 'Mere had been fluctuations of burn rates but not consistently

high burn rates as indicated by these samples.

High speed motion pictur-es were taken of four samples from these two batches.

Based on a frame rate of 1600 frames per second, the pure AP-flTPB sample and the

,IHfarshaw catalyst Cu 0232 P sample exploded and burned in .015 seconds (24 frames).

Tlhe l% ferric oxide sample was completely consumed in .009 seconds (14 frames).

'The V% ferric oxide-iron blue sample lasted for .022 secont (36 frames).

It is believed that during manufacturing too narrow an AP particle size dis-

tribution was being employed, preventing binder wettit !,aid good packing. It was

decided to broaden the narticle size distribution. Based on the length of time

that was necessary to prepare fuse wire samples and the possible areas of un-

certainty when the sample burns rapidly, it was decided to return to the cine-

ho toa',crogra.phy for doter:.ination ot' sample burn rate and uniformity of burn

rate. Poor puality propelleant swaples can be deter•sined ir.ediately from viewing

thC rketion Pictures.

75ae tzt=ltnz for thawe teoita were prepare4d Cro= cocton lots of uncured pro-

yiflUut. T1he colid to binder ratio +%- aintaiae4 at 82.4o to 17.9%. The bi-

•r! AP particle distribution was broadened to:

1W, <~~c35o' 212 LALt
1 25 7% <r <212 uJ

S1 <37
4,, -c 0'% <63



H1he oxidizer particle size distribution, was prepared from ultes-pure

rtsnLordum percilorate supplied by the Naval Weapons Center at China Lake, Calif.

It was ground in a 0.3 gallon porcelain mill jar with an assortment of 1.3 and

2.5 cm (f" and 1'J diameter balls. A series of seven 20.3 cm (8'" diameter U.S.A.

standard sieves was used to separate the ground AP. A motor driven sieve shaker

was used to vibrate the sieves. The ground and sieved AP was stored in a sealed

container and dried for 24 hou's at 700 C before mixing with the binder.

Te propellant was prepared by mixing all of the ingredients of the hydroxyl

ter.unated polybutadiene with approximately one half of the largest size AP par-

ticles. This was mixed thr-oughly and all of the AP particles are wetted with

binder. Ts procesu was repeated with all AP particle sizes adding the finest

A.- last. This propellant was then divided for catalyst addition. A minimum of

1:0 grams of propellant was needed for each catalryed sample. The proper amount

of catalyst was added to the propellant and the mixing process repeated. This

propeliant was cast in 22 m by 22 a embeddingg molds and cýred for seven days

at 6' L

Zie physical prtpetrties aMW appearance of the cured propellant waa improved

o'ýy the ne mixing, time. of th-e prwep_!bt and thwe broden-d AP prticle

*di'stribution. All o!f the oridi-*:er appewAre to be wetted wilth b~inder. The cured

piAopellat was cut into conivgnient -Aze:C s r x 19z=) for tot-ting n ifte

* Lidgh preSsuro votustlon aaatsdesitned by Varney ( =)an Jlones

V

-these :ezplez; vere slizilar in S::1e to the t%'o-dimef lioral sandwilches teasteld

* provioualy-'. Zibi alloved the zcse cinephotoceacr&N~rpc techniques to bt used to

o obsenre the burning sample;. 2w s=e aitrogen flows thAt 'were doternd experi-

I~i Y "
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:nentally for the sandwiches were used for smoke control. 1he latent image mag-

ni 'ication was reduced to slightly less than 1:1 (image: actual). 1he motion

picture speed waL vmintained at 1600 frwfes per second. 'Me sample was oriented

on the sample holder to allow observation of two sides of the sample. TIis indi-

cated the unifor•nity of the burn and any effect of the light source on burn rate.

h'fie sample burn rates and their uniformity were determined by recording sam-

""ie t-• ofiles at 100 frame intervals by tracing the projected bu'ning surface. 'These

could be used to determine a burn rate every .0625 seconds.

The same combination of catalysts, Harshaw catalyst u 0202 P - ferric oxide

and iron blue - ferric oxide, that wer, fow.'9' to exhibit positIve synergistic ef-

fects on sandwich vertical burn rate, -':re tested at h6, addition to cast propel-

lants. "hese two combinations of catalyst were determined by the two-dimensional

scree.iing-, exp~erimecnt and were tested at 2.1~l~ catalyst addition at 6W0 Psia()

laitially" the six sampleas were tested at 600 psia. No positibe sywrgism was

indicated, so a second set of samples were tested at 2000 psia. 3ie results, of

both of these tests are shown in Thble 1.

IZaU I

- urn isater for Cast Cor-osite PrNopelin t (1-1-42-74.

burn Mae (in/sec)

r~r r ri
- pure I !rUre

N.1 1... .. 4 1. ..

F,ýrie 0xide ftO) .45~ 1.32 p.ill --3 l.26 tzli

_ __ __ _I_ - - r
cc10 & .M4 1.U NO AI. 1.91.3e

WB-13



A "positive" synergistic effect on sample burn rate is obtained when the

, burn rate of the sample with two effective catalysts present exceeds the burn

rates of both of the corresponding samples with only one catalyst present. The t

total catalyst loading is maintained constant for all three samples. A "possible"

synergistic effect on sample burn rate is obtained when the burn rate of the

sample with two catalysts present is greater than the average of the burn rates

for the two samples with only one catalyst present. Consequently, a "positive"

synergism is also a "possible" synergism. A "negative" synergistic effect on

sample burn rate is obtained when the burn rate of the sample with two catalysts

present is less than the burn rates of both of the corresponding samples with

only one catalyst present.

The Harshaw catalyst Cu 0202 P- ferric oxide system did not exhibit a

positive synergism at either pressure, but there was a possible synergism in-

dicated at 2000 psi. There was a positive synergistic effect on sample burn rate

for the ferric oxide - iron blue system at 2000 psi. Because of this the ferric

oxide - iron blue samples and their" companion samples were tested over the pres-

sure range 300 to 2000 psia. The results are shown in Figure 3. There was a pos-

:itive synergistic effect at 300 and 2000 psia, a possible synergistic effect at

600 psia, and a negative effect at 1000 and 1500 psia. The positive synergistic

.effect on sample burn rate at 300 and 2000 psia along with a review of the favor-

able catalytic effect of ferrocene when it was restrained to the binder-oxidizer

.interface (')led to a new evaluation of possible synergistic effects for all com-

-- "bina*."ons of catalysts. Five new catalyst configurations were prepared to complete

- the test matrix. This included a smnple with 1% ferrocene added$ three swnules with

:.% of ferrocene and • of' the other three catalysts and finally a 2- FPrshav catalyst

Cu 0202 P and -o ircr blue sample. It, results are shown in bble II for 2000 psia.

:J9
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TABLE II

Burn Rates for Cast Composite Propellant (5-8-75)

2000 psi
Catalyst Burn Rate (in/sec) r/zyure

None .80 1

Ferrocene (F) .75 .92;

CC & IB 1.13 1.41

CC & F .95 1.19

IQ & F .89 l.Ul

IB & F .87 1.09

Initially Lhese burn rates were ratioed with the pure cast propellant burn rate

of Table) I (11-22-74). These burn rate ratios are shown in the first column of

"Table III. A positive cynergistic effect on sample burn rate was indicated for

all new catalyst combinations. This meant that only the Harshaw catalyst Cu 0202 P -

ferrie oxide system did not yield a poaitive synergistic effect at 2000 psi. Six

separate determinations of sample burn rate yielded a different average burn rate

of the pure cast composite propellant (5-8-75). When this new burn rate, r =

.,03 ilasee w•a used to ratio the burn rates of samples prepared from the propel-

lant (5-8-5), the second column of burn rate ratios was obtained in Table III.

The initial indication of five positive snT.ergisms was reduced to positive syner-

gism= for thre'* systems.

Due to the app•trent large difference or burn rate for the pure cast colposite

propellant samples a third batch of prope•.lant wua prepared. AUl coinations of

the fo*ur catalysts and their comparison samples wore prepared. 1te burn rates awd

their ration asre shown in Table IV for 2O0 psia. There was a positive synergistic

effect indicated for the iron blue - forroceno sct~tm. AU Indications of syner-

gis tic effects were different flr-m th) other two bar.ehe of prcAlla..t. Zere

U 3
.;,2 : '• -• . ......



TABLE III

Burn Rate Ratios for Cast Composite

Propellants (11-22-74) and (5-8-75)
at 2000 psia

-ýr rp~ n /
Catalyst pure pure= .66 in/see r/rpure rpure .06 in/see

_.... .. _or .80 in/see

None { 1

Hfla.shaw Catalyr " Cu 02024OPC 1.12 1.12

Ferric Oxide (10) 11.26 1.26

Iron Blue (IB) 1.18 1.18
Poasible .4Possible

Fez.rocelw (F) 1 .- Synergism .94Synergism

CC &I0 1.2. yes 1.21 Yes

CC & UB 1.71 Ya 1.41 Yez

CC k F 1.44 fes I.1Q Yes

10 & lB 1.33 Yes 1.33 Yes
I0&F 1.3P5 Yu 1.1 Yes

1B F 1 1.3P Yes 1.09 Yes

32



7- 777ý

appears to be a spread of up to .26 in/see in the burn rate of thL pure cast

samples. This variation is as large as the burn rate augmentation obtained

for most of the catalyzed samples both with single and double catalysts present.

It is concluded that reproductibility with these small mixes prevents a conclu-

sive demonstration of synergistic effects.

TABLE IV

Burn Rates for Cast Composite

Propellant (8-20-75)

Catalyst r (insee) r/r e

None .56 1

Harshaw Catalyst Cu 0202 P (CC) .78 1.39

Ferric Oxide (IO) .85 1.52

Iron Blue (IB) .78 1.39

Ferrocene (2) .65 1.16 Possible

Synergism

CC & 10 .77 1.38 No

CC & IB .78 1.39 ?

CC & F .62 1.11 No

10 & I .81 1.45 No

10 & F .67 1.20 No

IB F .92 1.64 Yes

CATALYST LOADEID INTO AP

WMrshaw catalyst Cu 0202 P was selected for tests of loading in the oxidizer

polycrystalline structure because of its catalysis of the AP deflaoration process

13
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The oxidizer particles for the investigation of catalyst loaded into the

oxidizer were prepared from special polycrystalline oxidizer disks. Ultra-pure

amnmonium perchlorate less than 37 Wm in diameter was mixed with iw% of catalyst

and placed in the mold assembly designed by Varney (4). Approximately 5 grams

of this fine oxidizer mixture was pressed at one time. The polycrystalline disk

was subjected to 30,500 psia for one hour. These disks were reground by hand in

a motar and pestle and then sieved. All oxidizer particles less than 37 pim in

diameter were discarded. 10% of all remaining sizes was retained for a catalyst

loading determination. The remaining oxidizer with catalyst was cast into a

solid ptupellant. The oxidizer particle distribution was:

125 pam< 43.7% <212 pm

63 Pm < 50.8%o < 125 pim

37 wm < 5.5% < 63 Pm

Comparison samples of pure AP-HTFB and lZ of catalyst added to the AP-HTPB

mixture were prepared with the same oxidizer particle distribution.

These three smnples were tested at 600 and 2000 psia. The results are shown

in Table V.

TABLE V

Harshaw Catalyst Ct 0202 P Loaded in AP

Burn Rate (in/see)

hropellant 600 psia 2000 psia

Pure AP-IITPB .45 .82

1 CC in AP-NrenTPu .54 .86

1% CC in IITPB-Pure All .69 1.44

The maximum burn rate was obtained for the catalyst added to the AP-HTPB mixture.

Tahb is essentially a binder-loaded cast composite propellant.

14



All three of the special distribution propellants were difficult to mix. The

cured propellants were grainy and crumbly in sections. Two separate batches

of the pure propellant were prepared and the burn rate varied as .82 + .05 in/sec.

A procedure for determing the amount of catalyst remaining in the polycrys-

talline oxidizer structure was developed. The oxidizer mixture was placed in a

60 ml vacuum funnel with a built-in 40 mm diameter ultra-fine fritted glass fil-

ter disk. The ammonium perchlorate was dissolved by repeated washings with dis-

tilled water. The washing was continued for three cycles after the liquid showed

no perchlorate ions when tested with a methylene blue indicator solution. This

solution turns from dark blue to violet in the presence of the perchlorate ions.

The material remaining in the filter were dried and weighed. A catalyst deter-

rination of the 10% of all size distributions uaed in the prqeJe.laut was perferm-

ed along with the oxidizer with a diameter leas than 37 .mw This allowed a catalyst

balance to be performed.

Ititia21,y lwV of Harshaw catalyst was added to the AP. The measurement in-

dicated a loading of 1.6 i .3% by weight in the AP which went into the propellant.

A catalyst balance was made by determining the amount of catalyst in the sieved

polyerystalline oxidizer loss than 37 iim in diameter. This balance indicated a

possible oxidizer loading of .7 * .2% by weight. The difference between these two

indicated loadings is unresolved.

ANALYSIS

'-ho work of Ref. (2) was extended to include the effect of binder-oxidizer

re!,ctions on the surface shape attained by a two-dimensional sandwich, assuming

there are no malt flows. The work is p.rsented in Appendix A. It is shown that,

15



indeed, fast bindL -oxidizer reactions will force a sandwich to go to a V-shaped

structure, as has been suspected from experimental observation and physical rea-

soning. More importantly, it appears that the oxidizer-binder kinetics are fast

enough to influence the sandwich shape at usual deflagration pressures and that

the AP flame is not the only heat source which influences the shape attained by

the sandwich.

SC09CLUSIONS

1. Although plagued by reproducibility problems, all possible combinations of

the four catalysts investigated exhibited positive or possible synergistic

effects on sample burn rate at a pressure of 2000 psia.

2. The synergistic effects are weak and within the range of the reproducibility

of the experiments. Consequently, they are of doubtful practical utility with

the catalysts investigated in these experiments.

3. Mhe ferric oxide-iron blue system, which was the only system tested over the

300-2000 psia pressure range, exhibited weak posititive synergistic effects

only at 300 and 2000 psia.

4. The cast propellant soaples with larshaw catalyst Cu 0202 P loaded in the

oxidizer particles did not burn as fast as the binder loaded samples at

600 and 2000 psia. However, difficulties in the experimental determination

of the actual catalyst loading in the oxidizer particles render the results

3 inconclusivw.

5. Analysis has shown that the faster are the binder-oxidizer •actions the

more V-shaped will be a sandwich when deflagrating, reinforcing prior

interpretation of sandwich shapes and the offect of catalysis of binder-

o.idizer reactions on surface shape.

16
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. . . . . . . ... . . .

NOMENCIATURE

A constants in the perturbation solution

c distance above solid surface at which the mass fraction of IM.O vanishes

-c specific heat of solid phase

c specific heat at constant pressure
P

C deviation of c fnom the one-dimensional value

E activation energy

g dimensionless temperature, T/T°

G deviation of g from the one-dimensional value

h specific enthalpy

S..dimensionless specific enthalpy of formation h /c T
0 0 p 0

-k specific reaction rate constant

"k kP 2 /W2

dimensionless pree.ponential factor

4 !linear transport operator

m root for exponential aolutio=

masz flow rate per unit area

q endothennic heai of gasification

•qj bhoat of reaction in the gas phase for the pure AP deflagration

r burn rate

T temperature

V production rate) mass/volume/time

V dimensionless production rate

W molecular weight

horizontal coordinate

y vertical coordinate
Y mass fraction

emas fraction of I at solid surface for one dimnsional case

18



S •, deviation of YS from one dimensional value

V deviation of Y from Y
i,• s2 1/2

F (l+ys )

Sthermal diffusivity or constants in perturbation solution

constants in perturbation solution

dimensionless activation energy, E/RT0

11 y-ys

x thermal conductivity

-p Xs s/Csg

o density

T•r reaction time

Subscripts

o cold solid values

I reaction 1 or values atl= c

2 reaction 2

3 reaction 3

4 reaction 4

B binder

products of Al' deflajration

2roducta of reaction 2

P products or binder-oxidizer reaction

AP pertaining to one dime•nsional AP deflagration

9 gas phse

0 solid phase or at the solid-gas interface

. in the gas phase at the solid-gas interface

19



Superscripts

* ddimensional. quantity

differentiation with respect to x

- pertainin. to one-dimensional daflagration

20

.4



INTRODUCTION

In Ref. (A-i) an analysis was conducted of the deflagration of a semi-

infinite slab of ammonium perchlorate (AP) adjacent to a semi-infinite slab

of binder. It was assumed that the binder was dry and passive so that reactions

betveen the oxidizer and binder were too slow to be effective in driving the de-

Sflagration, and there were no melt flows to complicate the binder-oxidizer irter-

face region. The slow reaction assumption requi-ed that the AP self-deflagration.

was the only miechanism responsible for pyrolysing the binder. Accordingly, the

*)• eanalysis could o.-ly be valid above the low pressure deflaeration limit of the AP.

In the current work the assumptirn of slow binder-oxidizer reactions is relaxed.

However, for analytical tractability the no-melt-flow assumption is retained.

It was found in the previous treat-zent that rtegaadless of binder type the

lAP would Uot rate 4.th f nearly hotoIzontal surface, far from the binder, and

thet surface would ti; L- .lgaoly as the binder was aproachtd. There was then

4 slo U t ntinuity at the bindeor-oxidizer interface and the binder, for usual

-n_•-pr :opertics, woulid astue a. erly vertica' slop. By meaxation of the zero

bin~er-oxWiA-d r reaction rat-a =ution it. is dezired to fiad a wdiffication to the

rfAce al:o that iz iwtamb4 produced ;Wnef L CatalySt iS added experimenta!3.y

(A-2) m iat Lim _: asu~es a s=.11 acute an~gle with respeet to tl,. neearly-

* ~~vertical. binder. Thd maeations between the oxid&2,o vnd binder drive the linter-

r*4ve rwlon at a :'azter verticul bumn rate than vas p~sslbLý whan the A? derlsu-

ruton bov wu re onzibWe 1"Or Uhe overmi -an-dWich Uurn rate.

The -ipct sible aet, of vgsa ýphae reactions w~dich it appears PouIble

. to cL wA an till shav the domimant prce w Is a eto tionS onwa an
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4 with Ref. (A-3). This is

Fl ý2 1..

F2 + B 2 2
k.,

B + F1 -" P

2 1 3

Here F, denotes NH and F2 denotes HCIOh presumed to be the major reactive

p.'odacts liberated from the AP surface. Species B is the binder pyrolysis pro-

duct and P1 is some product intermediate. P3 is the final product of the oxidizer

binder rrction. It is to be noted, of course, that these are a simplistic set of

global reactions only chosen to describe gross effects.

In order to apply fundamental chemical kinetics to the above reactions it

wiJl first be assumci that F1 , F 2 axd B have identical molecular weight W. Then

P has molecular weiLgt 2N, es does P2 , and P3 has molecular weight 3W. Using

fundamental kinetics 2a.ws (A-4) the production rates of the various species

may be written

w =klF 
4 B

w 2 k1YFY2 k2 F 2 B

wB k2 YF 2 YB Y

w P, 2 k, YF 1YF 2  It 3 YBYP1

W k~

2 F3 k'Y P1 21y. 2
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These expressions must be used later in the species conservation equations.

Substantial simplification will occur, however, if the boundary conditions

on the species are first examined.

Species Boundary Condition

Mak-ing distance dimensionless by as/r and using Fick's law of diffusion,

as in Ref. (A-1), the boundary condition at the gas-solid interface for any

species may be written as

BY.+ S(Y. (3)"-Nj" J + --.
a s ms.

where V/an - (l/z) ( z /y) - (f/zM (W/a). See Fig. (A-i) for the configuration.

In order to evaluate the derivatives along the surface the same approach as

used in Ref. (A-i) will be used. A functional form for Yi is chosen as

with Y.i Y. ' Y , and c as unknowns to be determined from the conservation

equations. All of thiese unknowns are functions of x. Note, however) because

of the definition of c, YF 0. Eq. (4) will allow evaluation of the derivative
F21

in Eq. (3). First, however, look at the mass flow ratio in Eq. f.3). On the binder

zurface only binder can penetrate so the mass flow ratio is unity if i=B and is

zero for all other species. On the AP surface, consistent with Ref. (A-5), PI,

F1 and F2 are the species for which the surface is a source. Let 0 be the frac-

tion of the surface mass flow which is P1 and then (1-G)/2 will be the mass flow

ratio of • and F Tiis "dilution coefficient", G, will be assumed independent

of x, in accord with the independence on surface temperatur shown in Ref. (A-b).

V!. (3) anJ: U..d t'or 1.1 an e yicl&

""I Y ry
s s L L" • r 2- ] (5)

On the other hand, when evaluattnA eq. (3) for F, on tUho binder but just at the
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interface, mure care must be taken. For no mass sources or sinks the Y and

Yi of Eq. (4) must be continuous at x = 0 and their first derivative must be* S

continuous. However ys undergoes a discontinuity at x = 0. Therefore, Eq. (3)

just to the right of the interface is

YF_ s y, ,
F, ys p_ (6)

zB c ZB s B

where it is understood that Eq. (6) is only good at x = 0. Eq. (5) is a boundary

condition that applies all along - s x • 0. The bouudary condition on B is
, y' , Y_ YB

aYB s YS(ics 7
i~~~~~~~ -1 YBBB-Y5 .lB] ~

but right at x= 0

1 YI Y s
1 ~B, - sB B ry y8 ) (YL (Y~ )

zB Zn L.s B
(8)

Eqs. (6) a-nd (8) may now be investigated concerning orders of magnitude.

A perturbation solution will be sought so that at x = 0, which is the binder-

oxidizer interface, only a small perturbation on a one-dimensional AP deflag-

ration will be taking place. That is, the P2 , P3 and B mass fractions will be

small compared with unity and the deviations of FI, F2 and P1 mass fractions

from their one-dimensional deflagration values will be small compared with unity.

Guided by Ref. (A-l) it will be assumed that Y' is large campared with unity and

ys is small but that this product may be of order iunity. Darivates in x will be

of order § compared with unity and t is large. It is assumed that y' is of the

order of , or larger and all perturbation quantities are of the order of 1/A.

From Hof. (A-1), c is of order l/C. Using these orders of magnitude in Eq. (8),

the largest ter=, which are of order •, are

i,.-Y (0)(9)
B(9)

Splitt~ing Y, anrd a into unperturbed and perturbed parts and using Eq. ()
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the boundary condition is

B F 1Yc 5 BF (io)

An equation similar to Eq. (10) holds for F2 .For PI the equation is

2F

Ss
" Y. (o) :ayaT

However, investigation of the interface conditions for F and P3 yield

IY (0) 0 =Y' (0) (12)P2 P3s(2

Equations (9) - (12) hold at x = 0. The corresponding boundary conditions which

hold for the unperturbed and perturbed quantities. along the AP surface, - • x • 0,

are
are( ~ Ty, =.G) (13)

for the unperturbed quar~tity and

S 1C+ )/F2 =0

2s P2

c(•l "1/)v IJ- (V + . =0~l +• I :o0

s s

for the pertturbod quantities. In the above, ter'ms of order i/• comnpared to unity

* havre been dropped.

Gas Phase Solution

* The conservation equations have been developed in Ref. (A-i), so they will

only be stated here. Using the variables 1¶ • y. -Ys x instead of y, x , the
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energy equation is 6

22 2
:2 2 -2y -b---..1

2 Ys (15)• ~~~~~ax -• ax l 1

For species i the conservation equation is

S(Y.) - i W. 0/ r (*X ) (16)

Combination of Eqs. (15) and (16) yields a atmple homogeneous equation
S~6

2 ,2
In Eq. (15) the operator 4 contains z = 1 + ys To the accuracy of the

analysis y5  may be neglected compared to unity. For the unperturbed deflagra-

tion of AP, field quantities are functions of I alone. The solution for the AP

deflagration has been presented in Ref. (A-1), except for the modification due to

the dilition coefficient which is included in this work. The solution is

-- ik, j /[i + s 2 •

s c c c

t5

2 - (18)1 p1

0 0

In this work the thermodynamic properties of F1 and F2 are assumed identical to

each other, for simplicity. All numerical computations have been performed for

:=9.0 4.022 =2.93, = .75,= .119 and 03 . 463. This corresponds

to burning at 800psia, but the dimensionless results are Squite insensitive to
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pressure, as explained in Ref. (A-i).

The solution of Eqs. (14) and (15) is by an integral techn,,vue. Using

Eq. (4) as a guessed form for the mass fractions and g - gs=(gl-gs) T/c for

a the temperature profile, Eqs. (16) and (17) are inategrated in 1 fiom 0 to c.

This yields ordinary differential equations in x. However, appearing in these

I equations from integration of the second term in 4 from Eq. (15) is the 1 -

derivative of the appropriate quantity evaluated at T c. This is an unknown.

To eliminate this unknown, as discussed in Ref. (A-1), the parabolic form of

Eqs. (14) and (15) are used at T c. That is, in Eqs. (14).

•2Y - •i =- ^

2 77Aj-c iý--c

is used to eliminate 6Yi/6 ) =c in favor of the x - derivative and reaction

rate. A similar operation holds for Eq. (17).

The next step in the solution is to let each unknown be represented by its

unperturbed, one-dimensional value plus a perturbation component. The equations

are then split into unperturbed equations aid perturbation equations and the

perturbation equations are then linearized. The unperturbed equations have Eqs.

(18) as the solution, after using Eq. (13).

It is first instructive to view the solution for the binder mass fraction.

The differential equation is

B (;/2) + B (//2 + 1/t)

+ f 1 + Y k

2 {YB S s Y , 1323 Bee/i

where the reaction rate integrals are evaluated from the unperturbed solution
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s. .F

4

fi21 '7F 1• Tfs ( "-/ ) 82" /g ) 'djd

0

13 = j Y e-( 3 /g dIf" o

P,4

rCy
0So 4

Notice that all I's are positive. Now viewing the binder boundary condition in

Eqs. (14), YB ( Y Consequently, Eq. (19) is a homogeneous, linear second
order differential equation with the solution

YB = AB e mBX

Making the required substitution m8 satisfies

(22

where

•2 2 2 13s

2 23 1 2+ 3 e 31

By inspection,therefore, mB i is positive and mB has two real, equal roots of

opposite signs. The positive sign is accepted so that YB will decay to zero

at x Th -.. Te constant of integration, AB is determined by application

of Eq. (9)

Bs

The binder solution is therefore completed without knowledge of the behavior

of the other mass fractions. Either reaction 2 or reaction 3 will increase mB

[see Eq. (20)] as the reaction rates increase. This has the effect of lowering

29
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the amount of binder present in the gas phase [Eq. (21)] and of increasing the

decay rate of binder as 2. proceeds away from zero. Thes.e are obvious physical

facts since reactions 2 and 3 are disappearance reactions for the binder gases.

Also note from Eq. (20) that mnB is indeed order •, if F, is less than or equal

4 i to order unity. As a consequence VB is of the order of ,YB as asserted above.
B B

For 8 = y= 0, m - 6.73. Note furthermore that mB is independent of s', under

the restriction already imposed that Ys is of order 1/9.

All other mass fractions do not behave in an autonomous manner, however.

The differential equation derived from continuity of the P species, for example,

yields

*p (;/ +P~ 1~

whr, asbfr ,

p2  (;/2) + VP2 (/2+ )

2 k

", 2 p2 2o B( +2 s B{1 f'BB
s 1

k V fo E (i ), (22)
4 14

PYsP21 s Y2 4

where, as before,

= = - -8

0~ F (~(1Tl/) e /gdli

03

Considering that V Y from Eqs. (14)., Eq. (22) is a linear, second order
p2P2 21

equation ifL1n says P2 but it is inhomogeneous because of the appearance of the

binder mass fractions. It follows, therefore that Y will have a solution of

* the form

Vp2 + CV MBX
~2 m~2

It may be verified by substitution that the root to the homogeneous equation,

increases with an increase in rate of the destruction reaction., reaction 4.
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Application of Eq. (12) yields

A = -
P2  P2 2

Continuing for F, the solution would look like
.3m m"A emBX i

e = V e P + ps *P +p er'ý
P3 P33 3

since the production of P depends upon both B and P However, since P is

3 er, sic 3Pi

never destroyed mi is determined by Eq. (20), setting P = y = 0.
p3

Here rapm m 6.73 and all decay scales other than a fixed m, are set by mp

and m
The situation with FIF2 aimd P are more complex, however, since they

contain unperturbed as well as perturbed 9omponents. Only two of them need

be considered, however, since

V +V +V + Y + V =0
F F2  Pl '2 P3

Here V will be eliminated and only F1 and F2 are considered. Furthermore,
pl

consider now the case where k2 and k4 are zero (only a diffusion flame be-

tween the binder and AP deflagration products exists). In this case the eq-

uations for FI and "2 are the same, as are the boundary conditions.

Consequently YF V , as is obvious since there are no chemical reactions
F1 2that prefer one over the other.

The differential equation for conservation of FI (or F2 ) is

c" /2) + V"(;/2) + C/ - c /2

s 5
+y ? = (•Q/bYF ) • + (•Q/•) C _

+ (•Q/•y 1 ) G1 + (Q/Vgs) Gs (23)

where the derivatives of Q may be evaluated from Eq. (18). The unknowns are now

co YF G, and Gs. The boundary condition of Eqs. (14) provides an algebraic
FS
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relation between C and YF , A second algebraic condition comes from the assump-

tion of an equilibrium gas-solid interface whereby

F1  bFe B./gs V G (24)
V gs2

A fourth equation in the five unknowns is obtained by integrating Eq. (15) and

applying the perturbation procedure

{
S(G 1

1 1 + G')(•/2) + (G - G1)( +.il/)i s

+ (t. " l ) (G§+ + Yis" )(;/2)
pi."o 1 l 1 sF 1,F2 ,P 3,•B

+ Y. / + (i Y.-. (+ 1/;)} 0 (25)

Equation (25) is nut a homogeneous equation in the five unknowns because under-

neath the summation sign sit Ys and YB' whose solutions are now know4.
PS B

In the current case the operation on P3 in Eq. (25) is the homogeneous operatormP~x mx % x
which wipes out the e e solutions, One is therefore left with only e

type of behavior. The only way for the four equations in five unknowns to have

a solution and still satisfy the boundary condition of Eq. (10) is to let

GI=A e ,C-A e

mBx MBx

Y= Aj e ,Gs =As e

mBX

F2 3
and use the boundary condition as an additional equation. It is to be noted that

this procedure also holds if 0 0, the case of a purely inert binder. This latter

case is the one treated by Ref. (A-1), but the solution there did not involve Eq.
(9). It is now believed that Ref. (A-1) is in error since Eq. (9) must be satisfied

for consistency. In any event, following the solution procedxue, eliminating C and

G.~~~~~~ ~ ~ ~ 5i,,rcligta 4nE.(0 S() Y + A' there result three equations
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in three unknowns of the form

+ j A1+2A 5B p Pi
F s 30 0

A2 A + A2 2 AY1  A 23 A,=0a 1 F

F5 ~ ~YBB (26)
A32 AYF + A33 AY,*

B

It may be verified in Eq. (26) that Al<Oand for exothermic reaction between B

and Pls the heat of formation difference in the first of Eq. (26) is negative.

Since e and y are positive, the first of Eq. (26) clearly shows that the re-

action tends to elevate g1.

RESULTS

Consider first the solution for no reactions, e = 0 = 0. For various ys

and -s values the solutions to Eq. (26) are shown on Fig. A-2 as A vs y' (0)=

Y + Ay. The values for Y'B increase as one moves to the right along any curve
SB

of fixed Y' It is seen first of all that there are no solutions for which

y (0) >0. Furthermore, in regimes where gl - are less than zero, which isYs

4. -,

the only physically reasonable regimes, since the binder is a heat sinik,y 8 y.

Thin means that the AP surface turns down to attempt to intersect the binder at

an acute angle, rather than an obtuse angle. hibs is demanded by the L phase

nolution alone and does not depend upon binder or AP properties in the solid

* iphae. Tis character of the solution is somewhat counter to the author's in-

tuition. It was expected that the AP would curve upward as the binder is ap-

proached.

For tie case with reaction consider a high activation energy case so that

3 y is dominated by the last term and < < y. As an example takoy V 0.15 and
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-10. On Fig. A-2 the dashed line shows the solution for y3 = 0.1.

3 00The temperature is, of cotrse, elevated as compared with the no reaction case.

Here there is no good physical argument to reject solutions for A > 0. Hlowever,

only one solution curve is shown and for y' = 0.1, A CO.

In order to show which binder properties belong to each point on the curves

of Fig. A-2 one must consider first the solution for the solid phase heat transfer.

'Ihis solution was obtained in Ref. (A-l). By inspection of that solution, invoking

the continuity of the heat t..ansfer vectors in the solid and gas phases at the in-

terecton f te bnde an oxdizrand applyin the order of magnitude argu-

ments, the solution for the binder heat of gasification is

q k% y'1 +[1i+ '4(o)J~J +1-B B 3S sIL (27)

It turimn out, therefore, that the result is independent of the solid phase solution.

S This is a remarkable property of the proble. The final link to the binder is the

pyrolysis law. As stated in Ref. (A-I) this is

2 r (28)

Given the &ctivation energy, b is directly deterninod by y' , since r '"Ap_

consi Astent with the orders of =Viijtudes considered here. hen IA. (Zi dote .nca

the ailonvble fVor any 'aivu y', 7 hich is the eicenvullue of the px-Cbltn.

the resutat af this calculation ame plotted for the no reakctn ewse I=

Fi. A-3. Given a set of birder properties icterhines the igenvake y'on thi-

iot. 2.W . . .- .pointin; result is that within the -olut fr --- oltraint thlat -:i

-n&1 thre are no solutions for binder oprerticz cat itrest. daowa, t*,r excple,

are thle Cfl and hiIM points for properties taken tllrs Rel!f. iA-6). faem oiopdy

are rno solutions to the preblo= for which A .c 0 at *larao psItive %. fLt
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must occur for binders of interest is one must consider the fully nonlinear set

of equations. Nevertheless, this solution may be used as a guide to investigate

the qualitative effect of parameter changes.

Within the regime of allowable solutions, which basically limits the solution

to small positive or negative q and Ys > 0, in increase in pyrolysis rate at fix-

ed qB increases y., An increase in heat of gasification at fixed pyrolysis rate

(y' fixed) decreases the slope of the AP far from the interface (Ys decreases).

For the case with reaction, considered above, the solution for Y' = 0.1 is

shown on Fig. A-3. Exothermic reaction shifts all of the curves to lower qB for

fixed y' . Therefore, for a fixed set of binder properties the exothermic reactions
-I

decrease y " That is, the solution says that reactions tend to promote an acute

angle between the oxidizer and binder, as is experimentally observed.

!ftacing through the nondimensionalization procedure and for the numbere used

here a characteristic reaction time is given ?-' 1/Tr = k e-3il As

and T * 10 sec at 800 psia for V 0.1 (which depends on y ' through Eq. (9).r 3 s BB

From Ref. (A-7) a typical reaction time under these conditions may be computed to

-5b'i 10 sec. Therefore, typical reaction times are well within the range tnat a

significant impact would be made on the sandwich shape by the bindar-oxidizer

reactions. Furthermore, for comleteness reactions 2 and 4 should be coniaidered.

H|owever, because of the limited applicability of this solution together with the

qualitative information a•leudy gleaned ftom the solution, no further computAutions

will be made.

COICLUSIONS

1. A linearizcd solution using an integral technique has been found to the problem
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of a deflagrating semi-infinite slab of AP adjacent to a semi-infinite slab

of binder which is capable of reaction with the AP in the gas phase. The

solution was found to only be valid for binders which are difficult to gas-

ify (low pyrolysis rates) and with low or negative (exothermic) heats of

gasification. A further restriction to the solution is that there are no

melt flows.

2. For typical reaction times the binder-oxidizer reactions are fast enough to

substantially affect the deflagration rate. Ihe effect is to make the slab of

AP intersect the binder at an acute angle, giving the appearance that the in-

terface region is dr.iving the deflagration rate, which it is.

3. The solution predicts that as one approaches the binder along the AP surface

the AP surface becomes convex from above, which is somewhat counter to physi-

cal intuition.
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